A large area of mature mixed-oak (Quercus spp.) forest was clearcut in the early 1990s on a dry mountain plateau in south-central Pennsylvania. The majority of the developing forest was burned from an intense wildfire in 2005. Our 2009 vegetation survey revealed that the unburned areas contained a high density (3579 stems per acre) of sapling and pole-sized trees dominated by mixed-oaks, red maple (Acer rubrum), sweet birch (Betula lenta), and black cherry (Prunus serotina). The burned areas had 43% lower tree density, including fewer oaks and black cherry, but a higher proportion of lower value trees (e.g., black locust; Robinia pseudoacacia). In the burned areas, 91% of surviving oaks had basal fire scars averaging 39" in length, were overwhelmingly multiple-stemmed after being top-killed by fire, and shorter in height and smaller in diameter than the oaks in the unburned units. The burned units had higher cover of shrub and herbaceous species. The results of this study suggest that intense wildfire can significantly damage young oak forests, and that the negative direct and indirect effects of this will persist long into the future.
INTRODUCTION
It is now generally accepted that recurring fire played a major ecological role in the historical development of oak (Quercus) forests in the eastern United States (Abrams, 1992; Lorimer, 1985; . High fire frequency in oak forests dates back to the early Holocene and suggests that Native Americans actively used fire to manage these forests (Day, 1953; Delcourt & Delcourt, 1997; Gill, Williams, Jackson, Lininger, & Robinson, 2009; Guyette, Muzika, & Dey, 2002) . The use of fire in this manner created more open forests for oak regeneration and increased mast production for the Native American diet as well as a food source for the animals they hunted . Fire frequency remained high during the early and middle European settlement period of the eastern forest and peaked during the clearcut and catastrophic fire era of 1880 -1930 (Abrams, 1992 Brose, Schuler, van Lear, & Berst, 2001) . Following the fire exclusion policy of the 1930s, much of the eastern oak forest experienced significantly less fire which, over time, dramatically altered their composition and structure (Dey, Royo, Brose, Hutchinson, Spetich, & Stoleson, 2010; . Forest density has increased, oak regeneration and recruitment has often failed, and later successional species, especially red maple (Acer rubrum), have increased in importance (Abrams, 1998; Fei & Steiner, 2009 ).
Prescribed fire is now considered an important management tool in oak forests because of the many ecological benefits that it provides (Brose, Gottschalk, Horsley, Knopp, Kochenderfer, McGuinness, et al., 2008; Lorimer, 1989) . However, it also creates at least one major problem-basal scarring and the high potential for rot developing in the butt logs of trees (Toole, 1959; Wagener & Davidson, 1954) . The negative impact on butt log wood quality has been one of the major deterrents to using prescribed fire by timber managers, despite the fact that oaks are capable of compartmentalizing wounds from fire (Smith & Kennedy Sutherland, 1999) . Fire is also known to cause significant mortality to smaller oak trees in mature stands (Huddle & Pallardy, 1996; Maslen, 1989; Ward & Stephens, 1989) . However, there is little scientific information on the effects of fire at various stages in oak forest development, particularly in young forests (Hepting, 1935) . In 2005, a severe wildfire burned through a large, approximately 15-year-old, post-clearcut, mixed-oak forest in south-central Pennsylvania. This represented a unique opportunity to conduct a detailed wildfire damage assessment in the early stage of oak forest development.
STUDY AREA
The study area is a 986 acre tract on private land near the town of Fairhope in Somerset County, south-central Pennsylvania (39.84°N, 78.79°W; Figure 1 ). It is comprised of a steep, southwest facing slope adjacent to railroad tracks (at 900 feet elevation; not used in this study), leading to more gently sloping terrain to the upper plateau portion of Savage Mountain (at 2500 feet elevation). The soils on the property are typical of ridges in southern Pennsylvania and are mainly the Hazelton, Leck, and Albrights series (Yaworski, 1983;  Table 1 ). The Hazelton soil is classified as very stony or very bouldery sandy loam. The Leck and Albrights soils are very stony silt loams. A mature mixed-oak forest on the study area was clearcut in the early 1990s (mainly 1990-91) . The former composition was confirmed by aerial photographs taken in the 1970s and a (2005) and unburned units in the study area at Fairhope, Pennsylvania. Top-left: high density oak trees in the northwest unburned (background) and brushy vegetation in the north burned unit (foreground). The Philadelphia rod is 12 feet tall. Top-right: large fire scar on an oak that survived the 2005 fire. Bottom-left: multiple-stem chestnut oak that resprouted after being top-killed by fire with extensive deer browse.
Bottom right: Brushy vegetation and low value trees developing in the east burned area.
timber evaluation report from 1982. This evidence and eye witness accounts indicate that prior to the 2005 fire, the burned and unburned areas were similar in composition and structure before and after the 1990s logging. After harvesting, the site produced a healthy, dense forest of mostly sapling to pole-sized oak and mixed-hardwood species throughout the cut area. We consider the unburned forest to be in the stem exclusion stage of development ( Figure 2 ; Oliver, 1981) . A wildfire on October 1, 2005 burned approximately 626 acres of the property and was thought to have been produced by a railroad ignition. A logging road prevented the fire from spreading to the unburned areas. A wildfire investigation report produced by the Pennsylvania Bureau of Forestry (number 4(05)2-003) reported a midflame windspeed of 8.1 mph, a Behave fuel model 9 (hardwood litter), a dead fuel moisture of 9%, a rate of spread of 16.6 chains/h, a heat per unit area of 335 Btu/ft 2 , a fireline intensity of 102 Btu/ft/s, and a flame length of 3.8 ft. We examined photographs taken by the State of Pennsylvania Fire Marshall a few days after the fire that indicate the wildfire was quite intense (including extensive crown fire that top killed much of the vegetation) throughout most of the study areas. Therefore, we attribute the major vegetation differences between the burned and unburned units to the 2005 fire rather than other physical or biological factors (see Methods).
METHODS
During September 3-5, 2009, we conducted a vegetation survey within four burned clearcut areas and three unburned clearcut areas within the 1990-91 harvested portion of the study area ( Figure 1 ). In 2009, the unburned study area was approximately 19 years old, whereas the burned study areas was 4 years old. The burned units ranged in size from 96-167 acres and the unburned units from to 25-60 acres. The burned units were located in the north, east, central, and west portions of the property (excluding the steep slope to the south leading to railroad tracks). The three unburned units were located exterior to the burned units along the northeast, east, and northwest boundaries of the property. The individual units were defined based on differences in topographic position, elevation and aspect (Table 1) . Slope varied between the burned (mean 35% slope) and unburned (mean 21% slope), but not among the units in each category. Soil texture was similar (very stony sandy or silt loam) among all the units. The burned units had an average elevation of 1986', compared with 2239' for the unburned units. In general, the units occurred on middle or upper slopes with a southeast aspect (with the west burned unit being an exception). Dividing of the burned and unburned areas into multiple units better enabled sampling in a large and somewhat disjunctive study area, and allowed for statistical comparisons between the burned and unburned treatments.
Twenty fixed-area plots were used for vegetation sampling, located at random intervals along transects through the interior of each of the seven units. Saplings and pole-sized trees (combined) and seedlings were counted in nested circular plots of 100 ft 2 and 50 ft 2 , respectively. Trees were classified as woody stems ³ 4.5 feet in height, whereas seedlings were < 4.5 feet in height (first year germinants were not counted). Multiple stem trees and seedlings were noted along with the number of stems each unit contained, but each unit (regardless of the number of stems) was considered as a single individual for the density calculations. Shrub cover by species and total herbaceous cover were estimated into cover classes (0-5%, 5-25%, 25-50%, 50-75%, 75-95%, and 95-100%) in the 50 ft 2 plots. In each plot, the total height and diameter at breast height (4.5 feet) were measured on the tallest two or three oaks with a Philadelphia (or leveling) rod and a diameter tape. The presence and length of fire scars on all oak saplings were recorded in the burned plots. T-tests (assuming unequal variance) were used to determine statistical differences between the burned and unburned units at p < 0.05.
RESULTS AND DISCUSSION
The three unburned units were dominated by saplings and poles of red oak (Q. rubra), white oak (Q. alba), chestnut oak (Q. montana), red maple, sweet birch (Betula lenta), witch-hazel (Hamamelis virginiana), and black cherry (Prunus serotina; Table 2 ). The east-central unit had the highest over-all tree density, with particularly high values for red oak, red maple, witch-hazel, and black cherry, but lacked sweet birch. In contrast, sweet birch led species density in the northeast and west units. The burned units were dominated by saplings of black locust (Robinia pseudoacacia), red maple, sweet birch, and chestnut oak (Table 3) . The north and west units had higher stem density than the other two units. This was due to the high density of sweet birch in the west unit and the high density of red maple, chestnut oak, and black oak (Q. velutina) in the north unit. Oak sapling density was higher in the north unit and lower in the central and east units.
The unburned units had a mean sapling density of 3579 per acre versus 2047 per acre in the burned area (Tables 2 and 3 ). The unburned units contained significantly (p < 0.05) more oaks (1619 per acre) than the burned units (594 per acre). Most of this difference was due to increased red oak and white oak. The unburned units also had a high density of red maple, sweet birch, witch hazel, and black cherry trees. The burned units had a higher proportion of less desirable hardwoods (e.g., black locust, red maple, and sweet birch), despite the fact that their densities were generally lower than in the unburned units. The proportion of single-stemmed trees was 83.7% on the unburned units compared to only 32.8% on the burned units. We do not attribute the major vegetation and structural differences to the variation in elevation and slope or simply the age difference between the 19 years unburned and 4-year-old burned units.
The unburned units had a seedling density of 3688 per acre compared with 5663 per acre in the burned units (Table 4) . We attribute this difference to the burned units being more open and to fire top-killing most of the preexisting sapling/pole trees, which transformed these individuals to seedling-sized sprouts. The latter also explains the scarcity of saplings in the burned areas. In addition, we believe the unburned units are in the stem exclusion stage of forest development, which normally has few seedlings (Oliver, 1981) . The seedlings in the burned were primarily red maple, sweet birch, black locust, witch-hazel, and devil's walking stick (Aralia spinosa). The unburned units contained a high proportion of red maple, sassafras (Sassafras albidum), and witch hazel seedlings.
The dominant oak seedling in both the unburned and burned units was chestnut oak. The unburned units contained significantly more (1147 per acre) and a higher percentage (31%) of oak seedlings (all species) compared with the burned unit (653 per acre and 11.5% of the total). The number of pignut hickory (Carya glabra) seedlings was higher in the burned than unburned units. Mean shrub cover was slightly higher in the burned (14.2%) than the unburned units (9.5%). Both areas averaged 5-8% blueberry (Vaccinium spp.), but the burned units had 7.7% Rubus spp. not found in the unburned units. Mean total herbaceous cover on the burned units (50.8%) was significantly higher than that of the unburned units (6.8%). Table 5 summarizes the major differences between the burned and unburned units in relation to a fire damage assessment. The burned units contained 43% fewer trees per acre and 63% fewer high value oak and cherry trees. The burned units had 29% more lower value (less desirable) trees, such as red maple, black locust, and sweet birch. Only 24% of the high value species in the burned units were single stemmed, compared with 73% in the unburned units. Fire scars were recorded in 91.4% of the oak trees and had an average length of 38.9 inches in the burned units, and none in the unburned unit (Figure 2 ). Fire scars of this size on trees typically represent a significant loss in future timber grade due to the likely development of stem rot in the highly valued butt log (Loomis, 1977) . The mean height and diameter of the tallest oaks in the burned and unburned units was 12.4 versus 21.8 feet and 2.05 versus 2.65 inches, respectively. The burned units suffered a minimum rotation loss of 15 years (based on the number years between the 1990 harvest and the 2005 fire). However, we believe the negative impacts of fire in the burned units will exist far beyond 15 years. The 2005 fire top-killed many of the oak stems, after which multiple stem sprouts formed (Table 3 ; Figure 2 ). This potentially represents another significant loss in future value as multiple stem trees tend to have poorer form (more lean and sweep), as well as smaller crowns and smaller diameters (Palmer, 2004) . The impact of this may be lessened somewhat in the future as multiple stems will self-thin over time. However, we frequently observed deer browse on the multiple stemmed sprouts (Figure 2 ), which we believe will further retard their development into quality timber (Moore & Johnson, 1967) . In extreme cases, intense and persistent deer browsing causes the formation of tree seedling "grubs" with little or no timber potential. The Fairhope fire significantly reduced the number and quality of the high value oak and black cherry saplings and poles at the site, while increasing the proportion of less desirable tree species (e.g., black locust, red maple, and sweet birch), shrubs, and herbs. A 1932 wildfire in a mature mixed-oak forest in Connecticut initially caused 84% mortality to saplings and poles (Ward & Stephens, 1986) . By 1987, however, the burned portion had higher density and basal area of oak and larger mean stem diameter than did the unburned portion. This suggests that the negative impact of fire may be temporary in our study area, but there are several important differences between the Ward and Stephens (1989) study area and ours and many negative factors impacting present-day oak forests that did not exist to same extent in 1932. The Fairhope fire occurred in a 19-year-old clearcut, not in the understory of a mature forest with residual oak trees. Hepting (1935) reported that all but the smallest fire scars will remain open during the life of the tree that results in subsequent radial and horizontal spread of decay from fungus and insect damage. Therefore, we believe that future oak development and economic value in the Fairhope burn will be greatly limited by a lack of seed source, intense deer browsing, wood decay, and competition from herbs, shrubs, and other tree species (Figure 2) . In contrast to the burned areas, the composition, size, and quality of young oak and other trees in the unburned units were exceptional.
In our opinion, vegetation in the burned units will not develop the composition, growth, and structural qualities possessed in the unburned units in the next 15 years or more. Indeed, a major problem in managing oak in eastern forests is the lack of oak seedlings and saplings before or after harvest (Dey et al., 2010) . Once this situation develops it is very difficult to overcome (Abrams, 1998) . We believe in the important benefits of using prescribed fire for the ecology and management of eastern oak forests. Research suggests that fire is most appropriate as an understory treatment in maturing oak forests (e.g., after 50 years of age) to create advanced regeneration and/or to release seedlings following harvest (Brose et al., 2008; Dey et al., 2010) . While the intensity of wildfires are often greater than that of prescribed fire (Brewer & Rogers, 2006) , based on the results of this study we believe that both types of fire should be avoided, whenever possible, in young oak forests in the sapling or pole-sized stages.
